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ABX3-type compounds (A=Rb or Cs; B=Mn, Fe, Co,
Ni, Cu, or V; X=Cl, Br, or I) provide an ideal plat-
form for investigating low-dimensional phase transitions.
Within that family, CsCuCl3 has attracted much atten-
tion with regard to two-dimensional triangular antiferro-
magnets and chirality. The crystal structure of CsCuCl3
at low temperatures (below 423 K) is hexagonal with the
space group P6122 or P6522. In this phase, Cu chains
form helices along the c axis with six Cu atoms per
unit cell. These chains form a triangular lattice in the
ab plane.1) The main exchange interactions between the
Cu ions are the intra-chain ferromagnetic interactions
(coupling constant J0 ∼ 28 K), inter-chain antiferromag-
netic interaction (coupling constant J1 ∼ 4.9 K), and
Dzyaloshinskii–Moriya (DM) interaction with theD vec-
tor pointing along the c axis (|D| ∼ 5 K).1, 2) Because of
these interactions, below TN = 10.7K , this compound
displays a helical 120◦ spin structure along the c axis
with a pitch angle of θ = 5.1◦.1)
The ground state of CsCuCl3 in a longitudinal mag-
netic field (H ‖ c) at a low temperature and under ambi-
ent pressure is well understood within spin-wave theory.
Nikuni and Shiba showed that the quantum-phase tran-
sition from an umbrella phase to a 2-1 coplanar phase
occurs when the magnetic field increases.3) This theo-
retical prediction was confirmed by neutron diffraction
and specific heat measurements.4, 5) On the other hand,
a new magnetization plateau was recently found under
high pressure.6) Although this plateau is expected to be
an up-up-down (uud) phase showing the 1/3 plateau of
the saturation magnetic field, its existence has so far not
been explained within spin-wave theory.3)
In this paper, we predict the existence of the uud phase
theoretically by considering the pressure dependence of
exchange interactions, on the basis of spin-wave theory.
We also predict a Y coplanar phase under high pressure,
which has not been confirmed experimentally. We then
also examine thermal fluctuations for each phase, and
the H-T phase diagram.
We write the Hamiltonian of CsCuCl3 in H ‖ c as
H = −2J0
∑
i,n
(Si,n · Si,n+1 + η(S
x
i,nS
x
i,n+1 + S
y
i,nS
y
i,n+1))
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+ 2J1
∑
〈ij〉,n
Si,n · Sj,n −
∑
i,n
Dn,n+1 · (Si,n × Si,n+1)
− gµBH
∑
i,n
Szi,n. (1)
Here, Si,n ≡ (S
x
i,n, S
y
i,n, S
z
i,n) is a spin operator at the
i-th site in the n-th ab plane, and the summation 〈ij〉
covers nearest-neighbor sites in the ab plane. The z axis
is parallel to the magnetic fieldH andDn,n+1 ≡ (0, 0, D)
is the DM interaction between the i-th spins in the n-th
and (n + 1)-st planes. The quantity η is an anisotropic
exchange interaction of the easy-plane type, and g and
µB are the g-factor (g = 2) and Bohr magneton, respec-
tively.
We can eliminate the DM interaction term by ro-
tating the xy plane about z axis by an angle q =
tan−1(D/2J0(1+ η)).
3) Then, the Hamiltonian is rewrit-
ten
H′ = −
∑
i,n
(2J˜0(S
x
i,nS
x
i,n+1 + S
y
i,nS
y
i,n+1) + 2J0S
z
i,nS
z
i,n+1)
+ 2J1
∑
〈ij〉,n
Si,n · Sj,n − gµBH
∑
i,n
Szi,n, (2)
where J˜0 = J0
√
(1 + η)2 + (D/2J0)2. Note that the DM
interaction is incorporated into the easy-plane anisotropy
and we define the anisotropy parameter as
∆ ≡ (J˜0 − J0)/J1. (3)
We consider the five spin configurations shown in Fig.
1 as candidates for the ground state. The umbrella con-
Fig. 1. (Color online) Five spin configurations considered as can-
didates for the ground state: (a) umbrella, (b) Y coplanar, (c) uud,
(d) 2-1 coplanar, and (e) inverse Y configurations.
figuration (a) is selected for finite ∆ in the classical spin
model and the saturation field Hs is obtained as
3)
Hs = (18 + 4∆)J1S/gµB. (4)
Then, we consider the quantum fluctuations using spin-
wave theory. By performing a calculation similar to that
in ref. [3], we obtain the bosonic Bogoliubov-de Gennes
Hamiltonian
HSW =E0 − (2J0 + 3J1)NS
+
S
2
∑
k
(a†
k
a−k)
(
Ek Fk
F ∗−k E
∗
−k
)(
ak
a
†
−k
)
. (5)
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Here, E0 is the classical energy, N is the total number of
spins, ak = (ak,1, ak,2, ak,3) is a three-component vector
of annihilation operators corresponding to three sublat-
tices, and Ek and Fk are 3× 3 Hermitian matrices. The
components of these matrices are denoted
Ejj = 4J˜0(1− cos kz) + 6J1 − 2J1∆sin
2 θj cos kz, (6)
Fjj = 2J1∆sin
2 θj cos kz , (7)
and the other matrices are the same as those in ref. [3].
Here, θj is the j-th polar angle from the classical spin
direction. In ref. [3], the terms including ∆ of eqs. (6)
and (7) were neglected because they are small. However,
we presently consider these terms to study the pressure
dependence of ∆, as discussed below.
We can diagonalize HSW by using the bosonic Bogoli-
ubov transformation.7) The total energy is obtained as
ESW = E0 − (2J0 + 3J1)NS +
S
2
∑
i,k
ωi(k), (8)
where ωi(k) is the i-th eigenvalue with wave vector k. We
investigated the spin configuration in the ground state by
comparing the total energy ESW for each spin configura-
tion. As the pressure increases, we consider the decrease
in the ratio of the lattice constants in the a and c di-
rections.8) The anisotropy parameter ∆ decreases, which
we attribute to the increasing pressure.
Figure 2 shows the h-∆ phase diagram obtained for
CsCuCl3 at T = 0 in the longitudinal magnetic field
(h = H/Hs). The parameters are set to J0 = 28 K,
J˜0 = 1.012J0, and the amplitude of ∆ is related to the ap-
plied pressure. Under ambient pressure, ∆ is estimated to
be approximately 0.07,9) as shown in ref. [3], and a phase
transition between the umbrella and 2-1 coplanar phases
is observed. On the other hand, in the high-pressure re-
gion (small ∆), the Y coplanar phase and uud phase
shown in Fig. 1(b) and (c) appear between the umbrella
and 2-1 coplanar phases. This result is consistent with
experiments6) if we consider that the experiment per-
formed under P = 0.68 GPa corresponds to ∆ ≃ 0.06.
As for the Y coplanar phase, the signal of phase transi-
tion is unclear in the magnetization measurement of ref
[6]. High-pressure measurements are therefore needed to
confirm this theoretical result.
To investigate the properties at finite temperatures,
we compare the free energy of each spin configuration
F = Etot + T
3∑
i=1
∑
k
ln(1 − e−Sωi(k)/T ). (9)
We show the obtained h-T phase diagram under ambient
pressure (∆ = 0.07) in Fig. 3 (a). Although the uud phase
is not observed at T = 0, it appears at high temperatures.
This is because we neglect the magnon-magnon interac-
tion, which provides an important handle for determining
the spin configuration at finite temperatures. The h-T
h
umbrella phase
2-1 coplanar phase
Y phase
uud phase
Fig. 2. (Color online) The h-∆ phase diagram of CsCuCl3 in a
longitudinal magnetic field at T = 0. The anisotropy ∆ corresponds
to the pressure and h corresponds to the magnetic field strength.
(a) (b)
(c)
Fig. 3. (Color online) The h-T phase diagram of CsCuCl3 in a
longitudinal magnetic field for (a) ∆ = 0.07, (b) 0.06 and (c) 0.02
.
phase diagram for the high-pressure region (∆ = 0.06) is
similar to that under ambient pressure, as shown in Fig.3
(b). In contrast, the phase diagram for ∆ = 0.02 (Fig.
3 (c)) is completely different from those for ∆ = 0.07
and 0.06. The transition magnetic field is entirely almost
temperature-independent up to 10 K, as shown in Fig. 3
(c).
In conclusion, we studied the magnetic-phase diagram
of CsCuCl3 in a longitudinal magnetic field under ambi-
ent and high pressure within spin-wave theory. We pre-
dicted uud and Y coplanar phases that were not obtained
in the previous study. Furthermore, we showed that the
uud phase can appear even under ambient pressure at
finite temperature, although we neglect the magnon-
magnon interaction.
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